The existing literature on robust monetary policy rules has largely focused on the case in which the policymaker has a single reference model and the true economy lies within a specified neighborhood of that model. In this paper, we show that such rules may perform very poorly in the more general case in which non-nested models represent competing perspectives about controversial issues such as expectations formation and inflation persistence. Using Bayesian and minimax strategies, we then consider whether any simple rule can provide robust performance across such divergent representations of the economy. We find that a robust outcome is only attainable in cases where the objective function places substantial weight on stabilizing both output and inflation; in contrast, no simple rule is robust when inflation stabilization is the sole policy objective. We analyze these results using a new diagnostic approach, namely, by quantifying the fault tolerance of each model economy with respect to deviations from optimal policy.
Introduction
In considering the problem of formulating monetary policy under uncertainty about the true structure of the economy, the recent literature has mainly focused on the case in which the policymaker has a single reference model and the true economy lies within a specified neighborhood of this model. For example, Hansen and Sargent (2002) provide a rigorous treatment of robust control in the face of uncertainty about the data-generating process (dgp) of the exogenous disturbances. Giannoni (2001 Giannoni ( , 2002 characterizes rules that are robust to uncertainty about the estimated parameters, while Onatski and Stock (2002) analyze the robustness of simple rules when the behavioral equations of the model are subject to unknown misspecification errors; both papers also consider uncertainty about the shock process. Finally, Giannoni and Woodford (2002a) show that the optimal control rule for a given model has a representation that is invariant to known changes in the shock process, and contend that this is the primary sense in which a proposed rule should be robust; see also Svensson and Woodford (2002) .
In this paper, we consider the robustness of policy rules when non-nested models represent competing perspectives about controversial issues such as expectations formation and inflation persistence. For this purpose, we consider three distinct macroeconomic models, two of which have been scrutinized in the robust control literature. A benchmark version of the New Keynesian model (henceforth denoted as the NKB model) has been studied by Hansen and Sargent (2002) , Giannoni (2001 Giannoni ( , 2002 , and Giannoni and Woodford (2002b) ; this model has purely forward-looking specifications for price setting and aggregate demand and exhibits no intrinsic persistence. 1 In contrast, the macroeconometric model of Rudebusch and Svensson (1999) has purely backwardlooking structural equations and very high intrinsic persistence; this model (henceforth denoted as the RS model) served as the benchmark in the analysis of Onatski and Stock (2002) . Our third model-taken from Fuhrer (2000) and denoted as the FHP model-utilizes rational expectations but exhibits substantial intrinsic persistence of aggregate spending and inflation. In all three models, the short-term nominal interest rate is assumed to be the monetary policy instrument. Througout the analysis, we assume that the policymaker's objective is to minimize a weighted sum of the unconditional variances of the inflation rate, the output gap, and the change in the short-term nominal interest rate.
We begin by demonstrating that the robust control rules proposed in the literature are not necessarily very robust to model uncertainty; that is, a rule obtained from a given reference model may perform very poorly in other models. This potential pitfall of robust control was anticipated by Sargent (1999) , who noted that the perturbations of the exogenous shock process only comprise a fairly restrictive set of potential model misspecifications, because the perturbed shocks still feed 1 See the analysis and discussion in Clarida, Gali and Gertler (1999) and Woodford (2000) , who also provide references to the extensive literature related to this model. through the system just as in the reference model. Thus, while the approach of Giannoni and Woodford (2002a) yields a policy rule which is invariant to the characteristics of the shock process, the optimal control rule does embed all of the endogenous relationships of the reference model, and hence we find that such rules may generate poor or even disastrous outcomes when implemented in another model with markedly different endogenous relationships.
More generally, our results suggest that focusing on specification errors or parameter uncertainty in the neighborhood of a particular reference model may dramatically understate the true degree of model uncertainty. 2 For example, Giannoni (2001) quantifies the parameter uncertainty of the NKB model by using the estimated standard errors of Amato and Laubach (1999) , and obtains rules that involve a very high degree of interest rate smoothing. Unfortunately, we find that such "super-inertial" rules typically generate dynamic instability in the presence of substantial intrinsic persistence (as in FHP) or adaptive expectations (as in RS). 3 Evidently, the degree of uncertainty due to sampling variation is relatively small in comparison with the uncertainty associated with various choices about model specification, estimation technique, etc.
Next, using Bayesian and minimax methods, we investigate the extent to which simple policy rules can provide robust performance across all three competing reference models. In particular, we focus on the class of 3-parameter rules in which the short-term nominal interest rate is adjusted in response to its own lagged value as well as to the current output gap and inflation rate. For a given choice of objective function weights, we determine the policy parameters that minimize the average loss across the three models (the Bayesian strategy with flat prior beliefs about the accuracy of the three models), and then we determine the parameters that minimize the maximum loss across the three models (the minimax strategy).
Using a similar approach, Levin, Wieland and Williams (1999) have shown that first-difference rules-that is, rules with a coefficient of unity on the lagged interest rate-provide robust performance across a fairly wide range of rational expectations models. 4 However, Sargent (1999) has noted that those "comforting" results might primarily reflect the relative proximity of the models, and in fact, Rudebusch and Svensson (1999) find that first-difference rules (and super-inertial rules) typically generate dynamic instability in the RS model. Thus, as Taylor (1999) concludes, the remaining challenge has been to identify rules that yield robust performance in both forward-looking and backward-looking models.
In fact, we find that the relative weights in the policymaker's objective function are crucial in determining whether or not a robust outcome is attainable. If the loss function places substantial weight on stabilizing both output and inflation, then remarkably robust performance is provided by a simple rule with a moderate degree of interest rate smoothing. In contrast, under strict inflation targeting, there is no simple rule that yields robust performance across all three models.
Finally, we interpret these results using a new diagnostic approach, namely, by analyzing the fault tolerance of each model economy with respect to deviations from optimal policy. For example, when the loss function assigns substantial weight to both output and inflation volatility, we find that the NKB model exhibits a very high degree of fault tolerance: although the optimal rule for this model is super-inertial, the use of a rule with moderate inertia does not cause a severe deterioration in stabilization performance. The RS model exhibits much less fault tolerance; that is, the loss function has much greater curvature, especially with respect to deviations in the interest rate smoothing parameter (which has an optimal value close to zero). Thus, while super-inertial rules generate dynamic instability in this model, rules with moderate policy inertia perform nearly as well as the optimal rule.
The remainder of this paper proceeds as follows. Section 2 describes the key properties of the three competing models. Section 3 documents the lack of robustness of rules designed to work well in the neighborhood of a specific model. Section 4 describes the performance of simple rules obtained by applying Bayesian and minimax methods to the set of competing models. Section 5 defines measures of fault tolerance and then uses these tools to interpret our results. Section 6 extends the analysis to incorporate a number of other macroeconomic models. Finally, Section 7 summarizes our conclusions and considers directions for further research.
Three Competing Reference Models
To consider the policy implications of competing reference models, we consider three distinct macro models. Each model incorporates a combination of long-run monetary neutrality and short-run nominal inertia, so that monetary policy has a potentially significant role in stabilizing the economy. Furthermore, each model is intended to provide a plausible representation of the dynamic behavior of the U.S. economy, using parameter values that have been estimated or calibrated to match particular features of quarterly macro data. Nevertheless, the three models represent very different perspectives about expectations formation and other structural characteristics of the economy.
The behavioral equations of the NKB model can be derived from formal microeconomic foundations:
where π denotes the inflation rate, y denotes the output gap (the deviation of output from potential), i denotes the short-term nominal interest rate, and r * denotes the equilibrium real interest rate.
The operator E t indicates the forecast of a particular variable, using information available in period t. In calibrating the NKB model, we use the same parameter values as in Woodford (2000) , simply
adjusting these values to account for the fact that our variables are expressed at annual rates in percentage points. 5
Evidently, the NKB model is purely forward-looking with no intrinsic persistence; that is, this model embeds the perspective that persistent output and inflation fluctuations are solely due to the persistence of the exogenous disturbances hitting the economy. 6 For example, repeated forward substitution of equation (1) indicates that the current inflation rate is determined by current and expected future values of the output gap and of the aggregate supply shock, t . Furthermore, as
shown by Kerr and King (1996) , repeated forward substitution of equation (2) yields an "expectational IS curve" in which the current output gap is solely determined by the deviation of the ex ante long-term real interest rate from its equilibrium value. Thus, as emphasized by Woodford (1999) , expectations about movements in future short-term rates are crucial in determining the performance of a particular monetary policy rule.
The RS model represents a very different modelling strategy, namely, imposing a set of empirically reasonable restrictions on the coefficients of a small-scale vector autoregression (VAR):
5 As for the exogenous disturbances, we use the same calibration as in Levin et al. (2002) . In particular, r * t follows an AR(1) process with autocorrelation parameter 0.35, and its innovation has a standard deviation of 3.72. The aggregate supply shock t is i.i.d., and its standard deviation is chosen so that the unconditional variance of inflation under the benchmark estimated policy rule matches the sample variance of U.S. quarterly inflation over the period 1983:1-1999:4.
6 For further discussion of this issue, see Rotemberg and Woodford (1997) and Fuhrer (1997) .
whereī is the four-quarter average interest rate andπ is the four-quarter average inflation rate; that is,ī t = 0.25
In contrast to the NKB model, these behavioral equations are purely backward-looking and embed a relatively high degree of intrinsic persistence. The lagged values of inflation in equation (3) can be interpreted as representing adaptive inflation expectations (cf. Rudebusch and Svensson (1999) ); as a result of these lags, inflation is a fairly slow-moving state variable rather than a nonpredetermined "jump" variable (as in the NKB model). Similarly, equation (4) Of course, these three models only comprise a tiny subset of the entire universe of competing representations of the U.S. economy. Nevertheless, these models do incorporate markedly different approaches with respect to controversial issues such as expectations formation and intrinsic persistence, and hence can serve as a useful proving ground for various methods of identifying robust policy rules.
Pitfalls of Using a Single Reference Model
Now we consider rules that are designed to yield robust performance in the neighborhood of a given reference model, and analyze the extent to which such rules also work well in competing reference models. For this purpose, we assume that the policymaker's loss function L has the form:
where V ar(.) denotes the unconditional variance. The weights λ ≥ 0 and φ ≥ 0 indicate the policymaker's relative preferences for reducing output variability and nominal interest rate variability relative to inflation variability. King (1997) refers to a policymaker who places no weight on output stability (λ = 0) as an "inflation nutter." In models with microeconomic foundations, the magnitude of the implied value of λ is very sensitive to the particular specification of overlapping nominal contracts: random-duration "Calvo-style" contracts imply that λ ≈ 0.01 (Woodford (2000)), whereas fixed-duration "Taylor-style" contracts imply that λ ≈ 1 (Erceg and Levin (2002)).
Since the appropriate values of the objective function weights remain controversial, we will consider a grid of different values for λ (0, 0.5, 1, and2) and φ (0.1, 0.5, and1.0).
Optimal Control Rules
As noted above, Giannoni and Woodford (2002a) have shown that the optimal control rule for a given reference model is invariant to the dgp of the exogenous shock process, assuming that this dgp is known to the policymaker at the time the rule is implemented. Thus, to the extent that a competing model can be accurately represented by a specific perturbation of the shock process of the reference model, then the optimal control rule for the reference model will also be optimal in the competing model. For this reason, Giannoni and Woodford (2002a) and Svensson and Woodford (2002) advocate the use of optimal control as a method of obtaining a robust policy rule.
On the other hand, Sargent (1999) has noted that the set of perturbations of the exogenous shock process only comprises a restrictive set of potential model misspecifications, because the perturbed shocks still feed through the system just as in the reference model. Thus, if the endogenous relationships of a competing model differ markedly from those of the reference model, then one might expect the optimal control rule for the reference model to perform quite poorly in the competing model.
We now proceed to investigate this issue using the three competing reference models described in Section 2. In particular, for each combination of objective function weights, we obtain the optimal control rule for a given model (referred to as the "rule-generating" model), and then implement this rule in a different model (referred to as the "true economy" model). As noted by Giannoni and Woodford (2002a) , the optimal control rule can be expressed solely in terms of leads and/or lags of the target variables that enter the policymaker's objective function. Since these target variables (π t , y t , and ∆i t ) are defined in each of the competing reference models, the rule taken from one model can be implemented in another model even if there are other endogenous variables that are not defined in both models.
The results are shown in Table 1 . In each case, the performance of the rule is reported in terms of the percent change in the policymaker's loss function (%∆L) generated by the rule taken from the rule-generating model relative to the loss generated by the optimal control rule of the true economy model. Thus, %∆L = 0 when the rule-generating model is in fact the true economy model.
Evidently, optimal control rules may yield very poor or even disastrous outcomes in competing reference models with markedly different endogenous relationships. For example, panel A indicates the relative losses generated by optimal control rules taken from the NKB model. These rules typically perform very poorly in the FHP model, with relative losses exceeding 3000 percent for λ = 0, and relative losses of 60 to 120 percent for λ ≥ 0. And these rules uniformly generate dynamic instability in the RS model; that is, %∆L = ∞ in every case. Similarly, optimal control rules taken from the FHP rule generate large relative losses in the NKB model, and occasionally induce dynamic instability in the RS model. The only case in which optimal control rules provide a modicum of robust performance is when the rule is taken from the RS model for values of λ > 0.
Identifying the source of this lack of robustness is a bit difficult, because each optimal control rule may have a somewhat complicated formulation in terms of leads and/or lags of the target variables. Thus, it is useful to pursue this issue further by considering the following class of simple 3-parameter rules:
As noted above, we useπ t to denote the annual average inflation rate. For each combination of λ and φ, we use numerical methods to determine the values of ρ, α, and β that minimize the policymaker's loss function in the rule-generating model. Then we implement this rule in each competing model, and evaluate its performance relative to the optimal control rule for the true economy model. The results are reported in Table 2 .
When the rule-generating model is the same as the true economy model, the optimized 3-parameter rule performs just about as well as the optimal control rule; that is, the relative loss %∆L is less than 10 percent in nearly every case. Furthermore, these optimized 3-parameter rules exhibit essentially the same lack of robustness as the set of optimal control rules.
For these simple rules, the source of lack of robustness is fairly easy to identify. All of the rules optimized for the NKB model utilize very high values of ρ, and this super-inertial property is responsible for the dynamic instability of these rules in the RS model. The simple rules optimized for the FHP model utilize values of ρ near unity, and even this degree of interest rate smoothing leads to dynamic instability in the RS model. Similar problems have previously been noted by and Svensson (1999) , who report that dynamic instability results from the super-inertial rules obtained by Rotemberg and Woodford (1999) and from the first-difference rules obtained by Levin et al. (1999) .
Finally, it should be noted that the rules optimized for the RS model involve little or no interest rate smoothing. To verify that this is the reason that these rules tend to perform poorly in the other two models, we now construct optimized rules with no interest rate smoothing; that is, for each rule-generating model and combination of objective function weights, we impose the restriction that ρ = 0 and find the optimal values of α and β. The relative performance of these rules is reported in Table 3 .
Imposing the restriction that ρ = 0 has minimal effects on the relative performance of rules optimized for the RS model when this model is also the true economy model. By contrast, rules without interest rate smoothing perform relatively poorly in the NKB and FHP models, even when the parameters α and β are correctly optimized for the true economy model.
Robust Control Methods
While the analysis thus far has highlighted the lack of robustness of optimal control rules, it should be emphasized that this outcome is caused primarily by the reliance on a single reference model in designing the policy rule. Thus, to the extent that many robust control methods follow a similar approach, these methods will be subject to the same pitfalls. analysis is restricted to the class of 2-parameter rules with no interest rate smoothing; as seen above, such rules yield acceptable performance in the RS model, but perform quite poorly in the two competing reference models with forward-looking behavior.
Similarly, Giannoni (2001) considers the implications of parameter uncertainty using the NKB model as a benchmark, and finds that robust rules involve even greater interest rate smoothing than the optimal control rule. 7 Unfortunately, as we have seen above, such super-inertial rules uniformly generate dynamic instability in the RS model, and perform quite poorly in the FHP model.
Of course, a comprehensive investigation of other robust control methods (e.g., Hansen and Sargent (2001) , Tetlow and von zur Muehlen (2001) , and Onatski and Williams (2002)) is well beyond the scope of the current paper. Nevertheless, the results reported here indicate that simply designing a rule to be robust in the neighborhood of a given reference model does not ensure that the rule will perform robustly in competing reference models. -.0 7 608 ∞ 0.0 0.5 1.5 2.7
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Robustness to Competing Reference Models
Now we proceed to identify the optimal simple rule that yields robust performance within the set of competing reference models; that is, we find the rule that minimizes a specific function of the loss generated in each of the individual models. This approach has been advocated by Chow (1973) , McCallum (1988) , and Taylor (1999) , and has been implemented in forward-looking models by Levin et al. (1999) and Levin et al. (2002) .
We consider two methods of aggregating the losses in the reference models. The first takes a Bayesian perspective and weights the outcomes from the different models according to priors over the models. The second approach does not place weights on the models, but instead the policymaker seeks to minimize the maximum loss in across the models. For a given objective function and policy preference parameters, λ and φ, we find the values of the policy parameters that minimize the loss.
The Bayesian Approach
The Bayesian objective function, denoted by L B , is given by
where ω X denotes the weight applied to model X. The weights sum to unity. In the following, we consider various combinations of the weights over the the three models. Table 4 reports the outcomes for the case of equal weights on the three models. The table compares the performance under the robust rule to that under the first-best rule under the assumption that the policymaker knows the true model. The third through fifth columns report the percent difference between the loss in the specified model under the robust policy rule relative to that under the first-best optimal control policy. For example, in the case λ = 0 and φ = 0.1, reported in the first row of the table, the robust policy yields a loss that is 173 percent higher than the first-best policy in the NKB model. 8 The final column shows the percent difference between the weighted losses across the three models under the robust rule relative to the weighted outcomes under the first-best policy in each model.
For a policymaker who is concerned only with stabilizing inflation and interest rates(λ = 0), robustness to model uncertainty comes at the cost of a significant loss in performance relative to the first-best in all three models. As seen in the table, for these preferences the average loss is between about 60 to 75 percent above the first-best outcome. Evidently, in this case, the differences in the model structures are sufficiently large that it is not possible to come up with a single monetary 8 Note that even with equal weighting of the outcomes, the percent difference between the loss under the Bayesian robust rule and the first-best is in each case greatest for the NKB model. This reflects the lower level of aggregate variability in the NKB model for the Bayesian robust rules. The high percent deviation from first-best corresponds to a relatively small absolute difference from optimal and is the level of the loss that affects the choice of the rule parameters, not the percent deviation from first-best. policy rule that performs very well in all three models. Note that this conclusion does not depend on the particular weight on interest rate variability, but does depend on the weights given to the three models, as discussed below.
In contrast to the case of λ = 0, if the policymaker values both inflation and output stabilization, the robust policies nearly achieve the first best in all three models. For example, when λ = 1/2, the average loss is at most 15 percent above the first best,and is no more than 21 percent worse than the first best in any given model. For higher values of λ, the results are similar, with the average loss no more than 24 percent higher than first best. Clearly, when the policymaker seeks to stabilize output and inflation choosing the policy parameters to minimize the average loss function across the three models does not generate large stabilization costs relative to fine-tuning these parameters to a particular model. Given the already excellent performance of the robust rule with equal weights, the same rule would be nearly optimal even for a policymaker with very different (non-flat) prior beliefs about the accuracy of the three models. These results are not sensitive to the weight on interest rate variability in the objective function.
Adding additional parameters to the policy rule beyond the three in 6 does not appreciably improve performance. Table 5 reports the relative performance of six-parameter Bayesian robust rules, in which the policy rule is allowed to respond additionally to the second lag of the interest rate, the current one-quarter inflation rate, and the first lag of the output gap. In the case of λ = 0, the six-parameter Bayesian robust rule does moderately better than the three-parameter variant, but for λ > 0, the improvement is trivial. The reason that adding more variables yields little benefit to the Bayesian robust rules is that these rules by their nature are optimized to the "average" behavior of the various benchmark models. In any given model, fine tuning to the particular dynamic structure of the model can be useful, but the models tend to differ in the specifics. 9 Consequently, the Bayesian robust policy downplays such fine-tuning and the extra parameters are of little use. Eliminating the response to the lagged interest rate, however, can cause a noticeable deterioration in performance of the Bayesian robust policy rules. Table 6 reports the relative performance of two-parameter Bayesian robust rules for which ρ has been constrained to zero as in the original Taylor rule. This restriction has little effect on the performance of the Bayesian robust rule when λ = or φ = 0.1. But, when the policymaker places substantial weight on the stabilization of output and interest rates, along with inflation, this constraint on the degree of policy inertia carries significant costs. In forward-looking models where output depends on a long-term interest rate, policy inertia reduces the variability of short-term interest rates necessary to achieve a given movement in long-term rates, as discussed in Williams (1999) and Levin et al. (1999) . For example, with λ = 1, the constraint increases the Bayesian loss by 10 percent for φ = 0.5 and by 20 percent for φ = 1.
Given these results, we focus on three-parameter policy rules of the form 6. Notes: For each pair of values of the preference parameters λ and φ, the corresponding row of this table indicates the parameters and stabilization performance of the optimized two-parameter policy rule that minimizes the Bayesian loss function with equal weights. The stabilization performance in each model is measured by the percent deviation of the loss function from the first-best policy of that model.
The Minimax Approach
When the policymaker seeks to minimize the maximum loss across the three models, the objective function L M is given by Table 7 reports the results obtained under this objective function. In all cases, the minmax robust policy equates the loss under the FHP and RS models; the low level of variability in the NKB model makes it irrelevant for the minmax analysis. Given the high baseline level of the loss in the FHP model, the minmax policy effectively weighs that model very heavily and, as a result, performance in the RS model, and to a lesser extant, the NKB model, suffers. Indeed, the policy rule parameters are close to those implied by the FHP model alone. This sensitivity to the baseline loss of each model is a problematic feature of the minimax approach (see also Sims (2001) for further comments on Bayesian and minmax criteria). Notes: For each pair of values of the preference parameters λ and φ, the corresponding row of this table indicates the parameters and stabilization performance of the optimized three-parameter policy rule that minimizes the maximum loss across the three models. The stabilization performance in each model is measured by the percent deviation of the loss function from the first-best policy of that model.
Parameter Uncertainty
Up to this point, we have assumed that the parameters of the three reference models are known with certainty. It is relatively straightforward to extend this approach to allow for parameter uncertainty in computing the losses in each model either using Bayesian or Robust control approaches. Based on the results from the literature using these benchmark models, incorporating parameter uncertainty is not likely to have a large effect on the parameters of the robust policy rules that we derive ( Rudebusch (2001) , Giannoni (2002) , Onatski and Stock (2002) , and Onatski and Williams (2002) ).
Fault Tolerance
The previous results indicate that under some preferences it is possible to find a policy that performs very well in all three models, but in others, robustness comes at some cost in terms of performance relative to the first-best. A useful method to understand these results and to identify rules that are robust to model uncertainty is to examine "fault tolerance" of each model to deviations from the first-best optimal policy. Given policymaker preferences, a model is said to possess a high fault tolerance with respect to a specific policy rule if the loss is relatively insensitive to deviations from optimal policy. The notion of fault tolerance is similar in spirit to the "radius of catastrophic perturbations" of Onatski (2001), but fault tolerance focuses on finite changes in loss as opposed to crossing a stability-instability threshold.
The existence of a robust policy requires overlapping regions of high fault tolerance across the set of competing reference models. Otherwise, the set of models present an unavoidable costly tradeoff between performance in any given model and robustness across models. difference between the RS model and the other two models is that policy affects inflation only through its direct effect on output, while in the two forward-looking models, policy also affects inflation through the expectations channel. In those two models, it is sufficient to respond to inflation in order to stabilize inflation. Any further direct response to the output gap purchases lower output variability, which is of no value under these preferences, but comes at the cost of significantly greater inflation and interest rate variability.
The models exhibit much greater fault tolerance when the objective includes a nontrivial weight on output stabilization. Figure 2 plots out the fault tolerances for the three models for the case of λ = 1 and φ = 0.5. As seen in the figure, the curves are relatively flat over wide ranges of policy rule parameters. The NKB model is especially tolerant of deviations from the optimal policy.
Deviations from the optimal policy correspond to movements along the feasibility frontier. For example, an excessively high response to the inflation rate typically raises the variability of output and interest rate, but this is partly offset by a decrease in inflation variability, lessening the net cost from deviating from the optimal policy. In essence, deviating from the optimal policy moves one along the feasibility frontier. The two binding restrictions from the three models are that ρ not exceed 3/4 according to the RS model and that α not be too large according to the FHP model. 
Robustness to other Models
In the preceding section we identified monetary policy rules that were optimized allowing for uncertainty regarding the three reference models. We now evaluate the performance of the resulting rules in a set of alternative estimated macroeconomic models taken from the literature. In each of these models there is some type of nominal inertia such as sticky prices and monetary policy primarily affects economic activity and inflation through the interest rate channel. Thus, at least in a very broad sense, each model belongs to the set of macro models spanned by the three reference models used in our analysis. One test of the robustness of these rules is whether they also perform well in these other models that were not included in the original optimization exercise. Thus, this represents a type of out-of-sample forecasting test of the approach.
Details to be added.
Conclusion
Although an extensive literature has considered the problem of obtaining a policy rule that is robust to modifications of a specific reference model, our results indicate that the robustness of such rules may be somewhat illusory, because policymakers actually face a much greater degree of model uncertainty. Thus, a more promising approach is to consider a range of distinct reference models, and to identify rules that provide robust performance across these models. Our results also highlight the advantages of considering the "fault tolerance" of each competing reference model as a means of characterizing and interpreting the conditions under which a robust policy outcome is attainable.
In future research, it will be useful to extend this approach in several directions. Throughout our analysis, we have assumed that the policymaker observes all macroeconomic variables, including latent variables such as the natural rates of output, unemployment, and interest, without error. But, as Staiger, Stock and Watson (1997) , Orphanides and van Norden (2002) , Laubach and Williams (2001) , and others have documented, natural rates tend to be poorly measured, especially in real time. A natural extension of this paper would be to incorporate natural rate mismeasurement into the analysis and to derive policy rules that are robust to both model and natural rate uncertainties. 10 We have also assumed that the policymakers objective function, in terms of the variability of output, inflation, and interest rates, is known and invariant across the models. In the context of models with well-specified household optimization problems, the welfare maximization problem can be approximated by the loss used in this paper. The relative weights in the loss function, however, depend on the structure and parameters of the particular model. Thus, model uncertainty also implies uncertainty about the weights and structure of the objective function, a facet of this problem that has been ignored in the existing literature.
Finally, we have assumed that policymakers never update their beliefs about the relevance of the competing reference models. An open question is the design of robust policy when the policymaker gradually obtains additional knowledge about the true structure of the economy. 
